Inelastic neutron-scattering and neutron powder-diffraction experiments were carried out to investigate the localized mode, proposed from various bulk measurements, in the β-pyrochlore AOs 2 O 6 (A=K, Rb, Cs). The localized mode was identified in all three compounds as well as in another β-pyrochlore CsW 2 O 6 . The anharmonicity of the mode is weak in RbOs 2 O 6 and CsOs 2 O 6 but substantial in KOs 2 O 6 .
Introduction
Materials with oversized cages have attracted much attention recently because the vibration of a metal ion in such a cage appears to give rise to unusual phenomena. [1] [2] [3] This vibration is different from that of ions in ordinary systems, in which an ion vibrates coherently with surrounding ions. However, an ion in an oversized cage may vibrate incoherently or independently because of the weak bonding. This incoherent vibration is called the 'localized mode' or 'rattling motion,' and is observed in filled skutterudite 1, 2) and clathrate compounds. 3) The localized mode is expected to scatter heat-transporting acoustic phonons, resulting in a decrease in the lattice thermal conductivity. This property has great potential for use in thermoelectric devices.
Recently discovered β-pyrochlore superconductors AOs 2 O 6 (A=K, Rb, and Cs) contain oversized cages (see Fig. 1 ). [4] [5] [6] [7] [8] [9] In this structure, an alkali-metal ion (A) is located in a cage made of O and Os ions. The nearest alkali ions from a particular alkali ion are located in the 111 direction. A large void exists around each alkali ion, and the void becomes larger with decreasing ionic radius of the alkali ion (r A ), because the lattice constant (a) and the distance between the alkali ion and an oxygen ion (d AO ) hardly change with r A (Table I ). The size of the void is characterized by the value c AO = d AO − r A − r O . All three compounds show superconductivity below T c = 9.6 K for KOs 2 O 6 , 6.3 K for RbOs 2 O 6 , and 3.3 K for CsOs 2 O 6 .
Many studies on their superconductivities have been reported. [10] [11] [12] [13] [14] [15] The mechanisms of some unusual features such as the nonmonotonic pressure dependence of T c 16, 17) and anomalous upper critical fields 18, 19) are still under debate. In all three compounds, a broad peak indicating 7, 24) and large atomic displacement parameters (ADP, U iso ) of the alkali ions were reported from x-ray diffraction experiments. 21) These two results are considered as evidence for the existence of a localized mode in AOs 2 O 6 , because the mode would be described as dispersionless in an ideal case and because an alkali ion is likely to vibrate over a wide spatial range due to the weak bonding. In addition to these experiments, a highly anharmonic effective potential for alkali ions was suggested from ab initio calculations. 25, 26 ) A similar anharmonicity was reported in filled skutterudite and clathrate compounds and is thought to be a characteristic of localized modes.
20-23)
In addition to the unusual lattice vibrations and exotic superconductivity, an even more interesting and puzzling phenomenon has been observed in KOs 2 O 6 . The specific-heat measurement of KOs 2 O 6 single crystals has revealed a prominent peak at T p = 7.5 K, which is below T c = 9.6 K. 7, 20, 27) A clear jump in the resistivity with a high magnetic field 20) and a kink in the thermal conductivity at the same temperature 15) were also reported, whereas no
anomaly has been reported for the susceptibility at T p . Recently, an intensity change in the x-ray diffraction upon using a single crystal has been reported. 28) Since T p is almost independent of the magnetic field, it is believed that the anomaly does not have a magnetic origin.
We now speculate that the localized mode of K in KOs 2 O 6 plays a significant role in this unassigned phase transition.
In the present study, we have tried to identify the localized mode spectroscopically and to evaluate its anharmonicity using neutron-scattering techniques. In inelastic neutron-scattering (INS) experiments, we have tried to prove the existence of the low-energy dispersionless mode spectroscopically. The energy of the mode was also obtained from INS experiments. In neutron powder-diffraction (NPD) experiments, the U iso parameter of each ion was determined. To evaluate the anharmonicity of the localized mode, we compared the temperature dependence of the obtained parameters of alkali ions with those of the calculated U iso values assuming that the alkali ion is well described as a three-dimensional (3D) isotropic harmonic oscillator.
Experimental Procedure
We typically used 1. INS experiments were carried out using a triple-axis spectrometer called PONTA installed Applying a so-called incoherent approximation 29, 30) to the scattering from the powder samples, we can obtain the density of states (DOS) of phonons from INS experiments. Applying the incoherent approximation and neglecting the Debye-Waller factors, the scattering intensity of the one-phonon creation process is written as
where n Bose (ω, T ) is the Bose factor, σ coh,j is the nuclear coherent cross section of the jth atom, m is the mass of the jth atom, and 33 ) U iso appears in the Debye-Waller factor as exp(−U iso Q 2 ).
Results

Inelastic neutron scattering of AOs 2 O 6
Figure 2 shows the raw spectra obtained from constant-Q scans of the three samples. In all the samples and for all Q, similar profiles were observed: (i) a clear peak around 6.5 meV,
(ii) a shoulder around 12 meV, and (iii) another peak around 18 meV.
We first studied the peak around 6.5 meV because possible contributions from Einstein oscillators with an energy of 3.4 meV for KOs 2 O 6 , 5.3 meV for RbOs 2 O 6 , and 6.0 meV for CsOs 2 O 6 were reported in specific heat experiments. 20) To identify the origin of the first peak, we checked its Q dependence and temperature dependence. Figures 3 and 4 show the Q dependence of the integrated intensities of the first peaks for the three samples and the temperature dependence of the peak for RbOs 2 O 6 , respectively.
The integrated intensity shows monotonic dependence on Q and is roughly proportional to Q 2 . The intensity of the peak from RbOs 2 O 6 decreases with decreasing temperature and is roughly proportional to n Bose (ω = 6.5 meV, T ) + 1; the ratios of the scattering intensity at 12
and 300 K were 3.3(4) experimentally and 4.5 theoretically, respectively. From these two sets of dependence, we conclude that the peak originates simply from the lattice dynamics.
Atomic displacement parameters
We determined U iso from NPD experiments using the Rietveld method. In addition to scattering from AOs 2 O 6 , we found diffractions from AOsO 4 , which is obtained in the first reaction process, the starting material Os, and Al, which the cells and cans were made of. In the Rietveld analyses, the angles where Al peaks were expected to appear were ignored. The are the lattice constant a, the fractional coordinate x of the 48f O site, and the three U iso parameters. The resultant R factors were R wp = 6.6 − 7.0 for KOs 2 O 6 , 5. Considering these values of R and the fact that the obtained parameters are very similar to those obtained from x-ray experiments, 21) we have confirmed that our analysis is reliable. The U iso of K is much larger than those of Os and O at all temperatures. All the values obtained from the present neutron study are larger than those obtained from previous x-ray studies. 21) This difference originates from the fact that neutrons are scattered by nuclei with δ-function-like spatial spread, while x-rays are scattered by electrons with a finite spatial spread.
Because of these features, neutrons are advantageous in determining U iso . In Fig. 5(b) , the U iso parameters of alkali ions are compared. Upon increasing the ionic radius, U iso decreases at all temperatures. 
Discussion
Origin of the low-lying peak
To determine which nucleus dominates the scattering, we summed the values of I(Q)/Q 2 .
The sum Q I(Q)/Q 2 should be roughly proportional to the DOS of phonons with weight σ coh,j /m j . Figure 6 (a) shows the energy spectra of Q I(Q)/Q 2 for the three samples. We first discuss the origin of the low-lying peak obtained from the INS of AOs 2 O 6 and CsW 2 O 6 .
If the peak of AOs 2 O 6 originated from an acoustic mode, the intensity of the peak would be proportional to j σ coh,j /m j for j = one A, two Os, and six O, which is almost the same for the three samples. However the intensities of the peak vary significantly among the samples; thus, it is concluded that the low-lying peak is unlikely to originate from the acoustic mode. The ratio of the height of the peak is 1.2 : 2.6 : 1 for KOs 2 O 6 : RbOs 2 O 6 : CsOs 2 O 6 .
The respective ratio of the σ coh,j /m j of alkali ions multiplied by the effective sample volume determined by the NPD experiments is 1.4 : 2.8 : 1. From this consistency between the two ratios, we conclude that the peak is largely due to scattering by alkali ions. Therefore, the 6/12 (unit: meV).
CsOs 2 O 6 6.8(1) 2.0(3) peak around 6.5 meV is dominated by the vibration of alkali ions not the acoustic mode. This is clear evidence for the localized mode of alkali ions. To estimate the energy and width of the observed peak, we fitted the peak with a Gaussian. The fitting results are summarized in Table II . The energies of the peak have almost the same value for the three samples. The widths are somewhat different. Either anharmonicity, hybridization with acoustic modes, or the dispersion of the mode itself can broaden the peak. However, we cannot determine the cause only from these INS powder experiments. The shoulder around 12 meV is attributed to the van Hove singularity of the acoustic modes (and possibly other optical modes) because an acoustic mode forms a constant background at high temperatures before it reaches the cutoff energy. The other peak around 18 meV is attributed to other optical modes.
U iso parameters and anharmonicity
We carefully examined the U iso parameters determined from NPD. In ordinary materials, U iso exhibit behaviors expected from the Debye mode. To check that an alkali ion is a harmonic oscillator in AOs 2 O 6 , we tried to determine whether U iso is attributed to the Einstein mode.
In this examination, we compared U iso obtained from NPD experiments with that obtained from the 3D harmonic oscillator. U iso of the 3D harmonic oscillator is given by
where m and ω E are the mass and energy of the oscillator, respectively. We adopted the peak energy in INS experiments as the energy of the 3D isotropic harmonic oscillator. The experimentally determined U iso parameters of Rb and Cs agree well with the calculated values, while the experimentally obtained U iso parameters of K are larger than the calculated values, particularly at low temperatures. This discrepancy is not resolved even if we add a temperature-independent constant to U iso , which is often used to describe static disorder. The existence of another lower mode in the energy suggested by the specific-heat experiments also would not resolve the discrepancy because such a mode only alters the slope of U iso at high temperatures. We thus conclude that this discrepancy is largely due to anharmonicity of the 8/12 effective potential for K ions.
Energy of the localized mode
The energies of the localized modes in the three AOs 2 O 6 (A=K, Rb, Cs) samples have almost the same values. Assuming that the localized mode is an assembly of isotropic harmonic oscillators, its energy is described as E ∝ k/m A , where k is a spring constant. The ratio of k has been determined to be 1 : 1.6 : 4.1 for K : Rb : Cs from INS experiments. Thus, we speculate that the larger the alkali ion, the stronger the bonding between the alkali ion and its cage. However, since the anharmonicity of the potential for K ions is substantial, we must consider the effect of the anharmonicity of the mode on the energy in future discussion.
The energy of the localized mode determined in the present study agrees well with the Einstein temperature determined by the specific-heat measurements for RbOs 2 O 6 and CsOs 2 O 6 but differs substantially for KOs 2 O 6 . We speculate that this discrepancy is possibly due to the anharmonicity of the mode. 7, 24) 9/12 cage have a significant effect on the localized mode. One possible explanation for this is that an electron-phonon interaction contributes to the localized mode through the charge screening of the alkali ion by the cage.
Conclusions
We successfully observed the localized modes of the alkali ion in AOs 2 O 6 (A=K, Rb, Cs)
and CsW 2 O 6 from INS experiments. It was found that the energy of the mode weakly depends on the size of the alkali metal ion and strongly depends on the atom constituting the cage.
The motion of Rb and Cs seems to be harmonic, while that of K deviates from the harmonic oscillator, particularly at low temperature.
